Background
Duchenne muscular dystrophy (DMD) is a genetic neuromuscular disorder. DMD is an inherited X-linked disorder with an incidence of 1 in 3,500 male births, and is due to the absence of dystrophin, a large protein linking the intracellular cytoskeleton to the extracellular matrix [1] . DMD is typically diagnosed in boys 3 to 7 years of age [2, 3] . It follows a predictable clinical course marked by progressive skeletal muscle weakness, myocyte hypertrophy, atrophy, and fibrosis. The disease also affects the cardiac muscle. By 13 years of age, 25% of patients demonstrate symptoms of systolic heart failure [2, 3] . In general, the involvement of the heart leads to dilative cardiomyopathy (DCM) in 90% of patients. Death usually occurs in the second or third decade of life and is due to respiratory or circulatory failure [3, 4] . Over the last 20 years, respiratory care for these patients has improved because of the development of supportive equipment and techniques.
Consequently, DCM is increasing as the major cause of death in people with DMD, so that currently 10-40% of DMD patients (20-30% on average) die due to DCM [1, 5] . The classical animal model for human DMD, the mdx mouse, is marked by a mutation genetically similar to the human deletion in the Xp21.1 locus [6, 7] . Although the underlying gene defect is the same in humans and the mdx mouse, the clinical picture is quite different. In the mdx mouse, skeletal muscle undergoes an early acute phase of degeneration at about 3-4 weeks of age, followed by a successful regeneration phase. The mdx mouse also develops cardiomyopathy with decreased cardiac function and cardiac fibrosis [8] .
The defect in the gene encoding dystrophin -one of the cytoskeletal proteins -may influence the susceptibility of the cardiac tissue to hypoxia [5, 6] . Myocardial injury secondary to hypoxia has been thoroughly investigated and described in the setting of myocardial infarction, and reflects local acute ischemic hypoxia and can lead to DCM under certain circumstances.
Hypoxia is an important stimulus for collateral vessel formation in the myocardium [6, 9] . Collateral blood vessels supplement normal coronary blood flow and coronary blood flow compromised by coronary artery disease, thereby protecting the myocardium from ischemia. Collateral vessel formation is the result of angiogenesis, which depends upon the appropriate expression of growth factors [10] [11] [12] . Hypoxia is the main stimulating factor for the expression of vascular endothelial growth factor (VEGF) [13] [14] [15] [16] . VEGF-A, also known as vascular permeability factor, is a potent angiogenic factor and endothelial cell-specific mitogen that is regulated by hypoxia in vitro and in vivo [17, 18] . VEGF plays a role in initiating all forms of angiogenesis. It also enhances embryonic and postnatal angiogenesis [12, 19, 20] and modulates vascular remodeling, tubulogenesis, and arteriogenesis [21] . Available data suggest a relationship between impaired VEGF expression, a disturbance in angiogenesis, and the progression of DCM [22] [23] [24] . The present study investigated alterations of the secretion of VEGF-A in myocardium and heart vessels between healthy mice and dystrophic mice (C57BL/10ScSn mdx mice), which are the animal model of DMD.
Material and Methods

Animals and the experimental model
All mice were handled according to the guidelines of the Institutional Animal Care and Use Committee. Consent No. 128/99 was granted by the Bioethics Committee at the CM UMK. C57Bl/10ScSn and C57BL/10ScSn mdx male mice, weighing 20-30 grams, were purchased from Jackson Laboratory (Bar Harbor, MA). All mice were housed in an individually vented cage system with a 12-hour light/dark cycle and received standard mouse chow and water ad libitum. The temperature was maintained at approximately 20°C. Adult mice C57BI/10ScSn (homozygotes +/+ in the locus encoding dystrophin, referred to herein as "normal") and adult mice C57BI/10ScSn mdx (homozygotes -/-in the locus encoding dystrophin, referred to herein as "dystrophic" or "mdx") were used in the experiment. The animals came from the laboratory of the Military Institute of Aviation Medicine.
The animals were divided into experimental and control groups. Each group contained of 25 representatives of 1 strain. Initially, each group was placed in a low-pressure chamber for 1 h. The change from normal air pressure to low pressure corresponded to a rise from the altitude of 113 meters above sea level (P=1000 hPa, pO 2 =210 hPa) to 7000 m above sea level (P=410.25 hPa; pO 2 = 86.15 hPa). The target pressure was achieved within 10 minutes, and the initial pressure was restored within the same timeframe.
In a previous study [25] we showed that 7000 meters corresponds to the sublethal hypobaric hypoxia conditions, and that the dystrophin-deficient mdx mice were more susceptible to acute hypobaric hypoxia than were normal mice of the same strain.
Hearts were harvested from the control group (normobaric mice) and mice exposed to low pressure directly after and 1, 3, 7, and 21 days following the hypobaric exposure and fixed in a 4% solution of paraformaldehyde (PFA) in 0.01 M phosphate buffer (PBS, pH=7.4). The heart specimens were dipped in paraffin and cut into 6 µm thick sections along the plane perpendicular to the long axis of the heart (transverse sections through the ventricles). Some of the material was frozen in liquid nitrogen and stored at -70°C for later analysis. Specimens were subjected to Western blot analysis, in situ hybridization, and immunohistochemical analysis.
Western blot analysis
VEGF-A protein expression was determined using 100 mg of homogenized cardiac tissue suspended in 1 ml of mM TrisHCl buffer (pH 7.4) and centrifuged at 10 000 rpm for 20 min. In order to select proper parameters for electrophoresis, the quantity of protein in the supernatant was assessed by the biuret reaction (according to Mejbaum-Katzenellenbogen) [26] . Electrophoresis was carried out on a 12% polyacrylamide gel, chosen according to the molecular weight of VEGF-A (46 kDa). Coomassie BR dye was used for protein detection. The proteins were transferred (semidry transfer) to a nitrocellulose membrane (0.45 mm pore; PROTRAN, Schleicher & Schnell BioScience) using the MINI Semi-DryBlot device (ROTH) at 1-2 mA/cm over 1-2 h and at room temperature. Immunodetection of VEGF-A was performed using the ABC kit (Santa Cruz Biotechnology). The membranes were blocked in 0.05%Tween 20 for 1 h, then incubated with primary anti-VEGF-A (Santa Cruz Biotechnology) at 3 µl/ml in 0.05% Tween 20 in a humid chamber with orbital shaking for 1.5 h, followed by incubation with the secondary biotinylated antibody under similar conditions for 1 h. Proteins were visualized using the horseradish peroxidase-diaminobenzidine system (DAB Substrate Kit for Peroxidase; SK-4100, Vector Laboratories).
In situ hybridization
Sections were attached to glass slides, deparaffinization, and rehydrated. Specimens were blocked using 1% solution of H 2 O 2 and proteinase K (200 µg/ml) was added for cell permeabilization. In order to deactivate any remaining RNase and proteinase K, the sections were fixed a second time in 0.4% PFA at 4°C for 20 min. Prehybridization was carried out in the humid chamber at 45°C for 60 min. The samples were hybridized with the VEGF-A mRNA probe (5' biotin-TGG GTG CAG CCT GGG ACC ACT TGG CAT GGT GGA GGT A-biotin-3'; DNA-Gdansk, Poland) overnight under similar conditions. Parallel negative control reactions were performed without probe. After hybridization, the slides were washed 2×5 min in 4× SSC/30% formamide, 2×5 min in 2×SCC/30% formamide, 1×15 min in 0.1% TRITON X-100 in TBS with albumin.
The ABC Staining System Kit (Santa Cruz Biotechnology, sc-2017) was used to detect the hybrids. Then, the preparations were dehydrated using a set of alcohol solutions and xylene, and mounted in Mountex medium.
Immunohistochemistry
Heart tissue slices on glass slides were deparaffinization and hydrated. Endogenous peroxidase was blocked by incubating samples in 0.1% H 2 O 2 for 30 min, and then incubated with monoclonal mouse anti-VEGF antibody (Santa Cruz Biochemistry, sc-7269) at 3 µl/ml in 1.5% normal goat serum/PBS at room temperature for 30 min. Primary antibody was detected using the ABC Staining System Kit (Santa Cruz Biochemistry, sc-2017). Subsequently, the sections were incubated with biotinylated secondary antibody for 30 min and visualized using the DAB-horseradish peroxidase system. Nuclei were stained with Gill's hematoxylin No. 2 (Sigma), and then sections were dehydrated using a standard set of alcohol solutions and mounted in Mountex medium. Adjacent sections used as negative controls were processed in the same manner except that primary antibodies were omitted.
Visual analysis
The slides were evaluated by optical microscopy using a Nikon Eclypse 80i equipped with a digital camera DS-5Mc (5 megapixel) and software for digital analysis (NIS-Elements, Nikon; Japan). Mean optical density was determined under constant light conditions according to a gray scale ranging from 0 to 255, where 0 = black and 255 = white. Mean brightness/gray value is the statistical mean of brightness values of pixels. NIS-Elements uses brightness/gray calibration curve evaluation of this parameter, and shows brightness/density ranges that correspond to the range of gray values recalculated via brightness/density calibration curves.
Five samples from each group were chosen for analysis, and 6 preparations from each mouse were examined. Five fields of myocardium measuring 70×50 µm and not containing blood vessels were evaluated in each preparation (Figure 1) . The result recorded for each mouse was the mean of the values obtained for each sample. Endothelial specimens on similar field sizes that contained cardiac vessels only were evaluated, and the mean value of all results was calculated for every group of 5 mice.
For the control group, the mean optical density was defined as 100% of the change in optical density saturation for preparations containing both myocardium and vessels (both arterioles/venules and capillaries), without distinguishing between these 2 compartments. This allowed us to calculate the mean value for the whole organ (Figure 1) . The results obtained in the experimental groups are expressed as percentages of the results for the control group.
Statistical analysis
All data are presented as the mean ± standard deviation (SD). Statistical analysis was performed using STATISTICA 7.1. The values obtained from in situ hybridization analysis were analyzed using the unpaired Student's T test. The values obtained from Western analysis of VEGF were analyzed using the Wilcoxon signed rank test. Differences were considered statistically significant at p<0.05.
results
There were significant differences in cardiac VEGF expression in response to hypoxia between mdx and normal mice (Figure 2 ). During the first days following hypoxia, expression of VEGF in the hearts of the control group did not differ from that observed in the hearts of the normal and mdx mice (102±3% vs. 99±4%, respectively) (p>0.05) ( Figure 2C ). Immediately after exposure to hypoxia, VEGF expression was 98±5% and 96±6% in normal and mdx mice, respectively (p>0.05). One day later, the changes in VEGF concentrations were similar in normal (168±8%) and mdx mice (172±9%) Figure 1 . Heart's specimen from a control mouse. The measuring frame of 70×50 µm is marked. In the black frame -vessel. Scale bar = 50 µm.
Basic Research Med Sci Monit, 2011; 17(11): BR332-338 (p>0.05). Statistically significant differences became apparent on the third day following hypoxia (p<0.05). The decrease in VEGF expression was markedly greater among the mdx mice (113±7%) than the normal mice (133±5%) (p<0.05). This trend reversed on day 7 -VEGF expression in normal mice continued to decrease (107±5%), whereas it increased in mdx mice, reaching 147±6% (p<0.05).
The differences between the groups were statistically significant. After day 21, VEGF expression began to decline in both groups, reaching its initial concentration in normal mice (104±6%) and falling below the initial concentration in mdx mice (70±4%) (p<0.05).
Effects on VEGF mRNA expression are depicted in Figure 3A for the cardiac vessel endothelium cells and in Figure 3B for the myocardium. In the case of cardiac endothelium cells, there was no difference in VEGF-A mRNA expression between the control groups for normal and mdx mice (101±8% vs. 99±7%, respectively) (p>0.05) or between the normal and dystrophic mice immediately following exposure to hypoxia (103±9% vs. 98±8%, respectively) (p>0.05), on day 1 (228±13% vs. 233±14%) (p>0.05), and on day 3 (144±10% vs. 133±8%) (p>0.05). However, on day 1 there was a marked increase in VEGF-A mRNA expression in normal and mdx mice exposed to hypoxia as compared to normobaric control mice. By day 7, VEGF-A mRNA expression levels had returned to their initial levels (106±10% vs. 93±13%, respectively) (p>0.05).
The difference in VEGF-A mRNA expression in myocardium between normal and dystrophic animals was significant (p>0.05) ( Figure 3B ). After day 1, normal mice expressed relatively more VEGF mRNA than did mdx mice (234±15 vs. 123±9%, respectively) (p<0.05). On day 3, VEGF-A mRNA expression in normal mice was similar to that in mdx mice (132±9% vs. 122±8%) (p>0.05). By day 7, VEGF-A mRNA expression in normal mice decreased to the initial level (83±6%), whereas in mdx mice, the level of mRNA remained stable and twice as high as that in the control group (119%±8%) (p<0.05). Twenty-one days following hypoxia, the expression of VEGF-A mRNA was similar in both groups and similar to the initial levels (57±5% vs. 43±7%) (p>0.05). The expression of VEGF-A mRNA in control myocardium was lower than that in endothelial cells (60% vs. 100%, respectively).
There were also differences in the expression of VEGF-A protein expression between the normal and mdx mice. In the case of endothelium, there were no difference 
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in VEGF-A concentrations in normal and mdx mice ( Figure 4A ). In the case of myocardial cells, the initial control levels (99±7% vs. 92±6%, respectively) and those measured immediately following hypoxia (104±7% vs. 96±4%, respectively) did not differ between normal and mdx mice (p>0.05) ( Figure 4B ). Differences in VEGF-A protein concentration became apparent 1 day after hypoxia in the normal group. In these animals, there was an increase in optical density up to 168% (±9%) of the control level ( Figure 5A ). In dystrophic mdx mice, the protein concentration remained constant at 95±7% (p<0.05) ( Figure 5B ). After 3 days, the concentration of VEGF-A in normal mice fell to 120% (±7%), but remained elevated relative to the initial level. In the mdx mice, the concentration of VEGF remained stable at 86±8% (p<0.05). After 7 days, the VEGF-A concentration in normal mice returned to the initial value (99±4%) ( Figure 6A ), whereas in the mdx mice, the level of VEGF-A protein began to increase, reaching 135±9% (p<0.05) ( Figure 6B ). After 21 days, there was a clear difference between the 2 groups in terms of VEGF concentration. In control mice, the VEGF concentration remained at its initial level (103±7%) but had decreased in mdx mice (76±8%) (p<0.05).
discussion
Hypoxia is the primary cause of ischemic cardiomyopathy, DCM [22, 27, 28] . During ischemia, certain factors, such as FGF-2 [29] or VEGF and NO, are released and cause the collateral vessels to open [9, 30] . In dystrophic mdx mice, the low concentration of NO leads to ischemic cardiomyopathy [28, 31, 32] . In normal muscular tissue, hypoxia induces an increase in VEGF expression through increased transcription of VEGF mRNA and improved protein stability [10] . Some reports have shown that dystrophinopathy is caused by lesions in the myocardium (tissue) but not in endothelial cells, in vessels [31] . Ischemia is the main factor responsible for the tissue damage. The increased expression of VEGF enhances both the quantity and density of vessels, and not only in heart -similar effects are observed in brain [33, 34] . The VEGF expression disorders in dystrophic mdx mice described in this paper, with the initial fall in the third day and a rise in the seventh day, are no exception. In their experiment with prolonged hypoxia of the brain, Kuo et al [33] described similar changes in VEGF expression. After a fall on day 4, VEGF expression increased on day 7 [34] .
Since VEGF expression disorders occur only in mdx mice and are not seen in normal mice, they do not have to be related to prolonged ischemia. In our experiment, VEGF expression disorders in normal and dystrophic mdx mice were limited to inappropriate expression and transcription of VEGF in myocardial cells. It follows that expression of endothelial VEGF would have an impact on total VEGF expression in the heart only on day 1 after hypoxia ( Figures 2, 3A , 4A); after that, the level of VEGF expression in ischemic (hypoxic) cardiac tissue is the consequence of changes in the myocardium. In fact, on the third day, the expression of VEGF protein and VEGF mRNA are decreased ( Figures 3B, 4B ), leading to dissimilarities in VEGF expression between normal and dystrophic hearts ( Figure  2 ). Differences are more profound on the following days. In the heart, total VEGF expression is higher on the seventh day (Figure 1 ). Increased expression of VEGF mRNA ( Figure 4 ) and protein ( Figure 4B ) in the myocardium influence this situation. These increases could be due to increased VEGF mRNA stability, as well as increased transcription. The situation changes between days 1 and 7, when the relative expression of VEGF mRNA is higher. By day 21, mRNA expression is reduced. During the same period, VEGF protein expression levels vary as well. However, the pattern of changes in VEGF protein expression does not mirror that of VEGF mRNA expression. Up to the 3rd day after hypoxia, the protein expression level remains unchanged relative to the control group. By day 7, protein expression increases remarkably but falls again by day 21.
In the heart, the total level of VEGF depends on VEGF expression in myocardium, not in vessel endothelium, and our research demonstrates that the expression of VEGF is dystrophin-dependent. The relationships between vascularization, other growth factors such as bFGF [35] , PDGF [36] , and dystrophin disorders have been documented. The reason for the discrepancies between the levels of VEGF protein and mRNA expression in myocardium seems to be associated with decreased stimulation of VEGF mRNA expression in myocytes. In myocardium, higher levels of VEGF expression are not associated with increased protein stability, as has been reported [10] . Instead, the secretion of VEGF from dystrophic myocardium is compromised and VEGF is retained in cells [29, 30] . Even if the expression of VEGF protein is increased only marginally, a negative feedback mechanism blocks secretion of VEGF from the cell, resulting in an elevated level of VEGF within the cell. Thus, the dramatic reduction in VEGF mRNA transcription on day 21 that we observed in our experiments was the result of the cells receiving incorrect (inflated) information about of the level of available VEGF.
Our results suggest that high-altitude hypoxia causes abnormalities in cardiac muscle functioning in dystrophic mdx mice. The mutation in the dystrophin gene results in aberrant VEGF secretion, which ultimately leads to ischemia. This aberrant reaction is present only in the myocardium, not in the endothelium. The disorders localized to non-vascular cardiac tissues related to dystrophic cardiomyopathy have been also described by other authors [31] .
Myocardium is the main reservoir of VEGF for the heart [15] . Impaired myocardial expression of VEGF causes a significant loss of VEGF to the whole organ. These disturbances are not only quantitative -the timing and speed of expression are affected as well. Therefore, in such a setting, the heart is not properly protected against hypoxia, which could promote the gradual progression of cardiomyopathy, eventually manifesting as heart failure [23, [37] [38] [39] .
conclusions Our study investigated whether increased cardiac muscle susceptibility to ischemia was related to the efficacy of hypoxia-induced VEGF expression. We have provided new support for the role of dystrophin in angiogenesis through its interactions with other growth factors. These data may aid in the development of new therapeutic options for dystrophin-related disorders [8, 37] . 
